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Introduction
Cancer cells have been increasingly grown in pharmaceutical research to explore tumorigenesis and develop new therapeutic drugs. Currently, cells are typically grown using standard culture (two-dimensional, 2D) systems, where the native tumor microenvironment is difficult to recapitulate. [1] [2] [3] Thus, one of the main obstacles in oncology is the lack of proper models that recount main features present in tumors. For example, monolayers of cultured cells are considered to be more susceptible to anti-tumor therapeutic agents. [4] [5] [6] Moreover, cells cultured on planar rigid surface could enhance cell proliferation but inhibit cell differentiation due to the limited cell-cell interactions. 7, 8 With the support of natural or synthetic polymers which were safety and stability, 3D innovative culture systems were developed to enhance the adhesion, proliferation and increase the release of secreted factors by cultured cells. [9] [10] [11] Hydrogels are a 3D network made of natural or synthetic polymers crosslinked that can entrap large volume of water or biological fluid. [12] [13] [14] In recent years, hydrogels have been employed to generate three-dimensional (3D) models that better mimic the specific native microenvironment compared to 2D cell cultures. Due to the higher stability and safety and higher cell fixation, hydrogels not only protect but may also promote over a long period of time for tumor cell growth. 15, 16 Owing to its mechanical properties, well-deserved biocompatibility and susceptibility degradation, hydrogels constitutes a suitable matrix for cells normally residing in soft tissues. 17, 18 In addition, tumor cells tend to form large cell clumps in 3D culture systems, [19] [20] [21] and in this sense, 3D culture tumor cells in hydrogels could be used for establish in vivo subcutaneous tumor mice models.
Herein, in the present study, we established nude mice tumor model by two strategies, 2D cultured HepG2 cells and 3D cultured cells system method. The tumor volume, weight, tumor formation rate and histology of the subcutaneous tumor tissue were evaluated. In our previous reports, we prepared biotin grafted pullulan acetate nanoparticles (Bio-PA NPs) to be used as drug carriers, and also confirmed that in HepG2 tumor-bearing nude mice, Bio-PA NPs were mainly distributed in the tumor after 24 h post administration. EPI encapsulated in Bio-PA NPs resulted in the accumulation and retention of drugs at the tumor site. In HepG2 tumorbearing nude mice, Bio-PA/EPI NPs could increased distributions and prolonged the retention time in the tumor, and also inhibited the tumor growth at low EPI dose. 22 In this study, we further measured the in vitro cytotoxicity and EPI-loaded Bio-PA NPs on HepG 2 cells with 2D and 3D cultured cells system. We also established a xenograft model by implanting HepG2 3D cultured cells system subcutaneously into nude mice and further evaluated the in vivo antitumor activity of Bio-PA NPs. 
Materials and methods

Materials
Preparation and characterization of Bio-PA NPs
Preparation of Bio-PA NPs EPI loaded Bio-PA NPs were prepared by the dialysis method according to our recently reported paper. 22, 23 Briefly, 100 mg of Bio-PA and 5 mg EPI were dissolved in 4 ml dimethyl sulfoxide (DMSO). To form NPs, the solution was injected in the dialysis tubing to against 1000 ml deionized water and the dialyzed liquids were exchanged six times followed by sonication step using ultrasonic probe (Scientz JY92-II, Ningbo, China) at 100 W for 2 min. The ice water bath and pulse (pulse on 2.0 s, pulse off 2.0 s) function were indispensable to protect the sample solution against heating built-up during the sonication. The solution of self-aggregated NPs was filtered through a membrane filter (pore size: 0.8 mm, Millipore, Burlington, MA, USA) to remove dust and then stored at 4 C.
Surface morphology
To observe the morphology, Bio-PA NPs dispersion was dropped on the carbon support film and dried under an infrared lamp, afterward imaged using a transmission electron microscope (TEM, Hitachi High-Technologies Corp. HT7700, TokyoJapan).
Particle size analysis and zeta potential measurement
The particle size and size distribution of the freshly prepared Bio-PA NPs were measured by a dynamic light scattering (90 Plus Particles Size Analyzer, Malvern nanoZS, Malvern, England) at room temperature.
Drug loading content and encapsulation efficiency determination
Known amount of Bio-PA NPs formulation was dissolved in DMSO solution and then the amount of EPI was determined using the HPLC method. 22 The determination was carried out on a HPLC system (715, Gilson, Inc., Middleton, WI, USA). The mobile phase consisted of 0.02 M KH 2 PO 4 , CH 3 
In vitro drug release
The in vitro releases of EPI from the NPs were studied using dynamic dialysis method in phosphate buffer media (PBS, pH 7.4). Briefly, 20 mg of EPI-loaded NPs was placed in 5 ml of PBS and gently shaken in an incubator at 37 C and stirred at 75 rpm. The samples were taken at specific time intervals and measured with HPLC to assess the drug release profile of Bio-PA NPs.
To simulate the released drugs penetrating into gels, Firstly, we mixed the hydrogel solution with EPI or the hydrogel solution with EPI-loaded NPs. Then, we placed them into a dialysis bag. And followed experimental procedures are the same as above.
Cells culture $60#^?tic=^[hsb rgb$^modicolorvalue1]$62#HepG2 cells in 2D culture
HepG2 cell lines were obtained from Cell Center of Chinese Academy of Medical Sciences. All the cells were grown in Dulbecco's modification of Eagle medium (DMEM) high medium with 10% fetal bovine serum supplemented with antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin), and incubated in a Thermo CO 2 incubator (Thermo Forma 4111, ThermoFisher Scientific) at 37 C in a humidified environment of 5% CO 2 .
$60#^?tic=^[hsb rgb$^modicolorvalue1]$62#HepG2 cells in 3D culture For the 3D system method, we gently mixed the hydrogel solution and HepG2 cells suspension into centrifuged tube (V/V, 1:1), and votexed for 1 s. Then added the hydrogel-cell mixture (cells concentration 1 Â 10 6 cells/ml) to the well and gently rocked the culture-ware to spread the mixture evenly over the surface of the well. After that, incubated at 37 C in a humidified environment of 5% CO 2 .
HepG2 cell sphere formation assay
HepG2 cells were seeded in six-well (monolayer) cell culture plates and cultured for 7 days using hanging drop method. After that, 2D cultured cells and 3D spheroids were fixed with 4% (v/v) paraformaldehyde on a rocking platform at room temperature for 20 min respectively. The frozen section of mice tumor tissue were used as the control. Fixed samples were permeabilized in 1% (v/v) Triton X-100 (in PBS) for 10 min and then incubated with TRITC labelled phalloidin which was configured by 1% (w/v) bovine serum albumin (in PBS). Nuclei were stained with DAPI for 5 min at room temperature. The fixed cytoskeletal morphology was then observed under a fluorescent microscope.
Cytotoxicity assay
Cell growth and cell viability were quantified using the CCK-8 assay kit. Briefly, the cells in atlogarithmic growth phase were seeded in a 96-well plate at a density of 2.0 Â 10 4 cells/well which were cultured by 2D and 3D method, and cultured for 24 h. After that, the culture media were replaced with 200 ml of DMEM containing different concentrations (0-500 mg/ml) of Bio-PA NPs and EPI and EPI-loaded NPs. The cells were further incubated for 48 h. At designated time intervals, the medium was removed, and the wells were washed with PBS for two times. Then 10 ml of CCK-8 solution was added to each well of the plate and the plate was incubated at 37 C for an additional 1 h in the incubator. The absorbance was measured at 450 nm using a microplate reader (Thermo Multiscan MK3, Thermo Fisher Scientific) with the plain cell culture media as the control. Cell viability was expressed by the ratio between the absorbance of the cells incubated with EPI-loaded NPs and free drugs to that of the cells incubated with blank culture media only. The survival curves were plotted and the IC 50 , defined as the EPI concentrations required for 50% inhibition of cell growth, were calculated based on the survival curves.
Establishment of an in vivo subcutaneous tumor model
HeG2 cells (1 Â 10 6 cells) in 0.1 ml of normal saline were inoculated subcutaneously in the right anterior axillary of female Balb/c nude mice to model the mice bearing hepatic tumor.
At the same time, we established tumor models using 3D cultured cells. Briefly, HepG2 cells were mixed with equal volume of hydrogel, then 0.1 ml hydrogel embedded with cells (1 Â 10 6 cells) were inoculated subcutaneously in the right anterior axillary of female Balb/c nude mice.
The length and width of the tumor were measured every three days for a total of 21 days. The tumor volume was calculated according to the following formula: volume ¼ width 2 Â (length/2). Relative tumor volumes were normalized to their initial sizes. At 21 days post-treatment, all mice were sacrificed and subcutaneous tumors were excised for weighting and histological analysis.
Anti-tumor effect of Bio-PA/EPI NPs in vivo
In vivo anti-tumor efficacy was conducted on the subcutaneously implanted 3D cultured HepG2 tumor model. When the tumors grew up to 200 $ 300 mm 3 in average, the mice were randomly divided into three groups (n ¼ 6), respectively treated with physiological saline (control), free EPI, Bio-PA/EPI NPs. The treatments with EPI dose of 3 mg/kg were injected through the tail vein every three days for a total of 5 times. The tumor volume was calculated according to the following formula: volume ¼ width 2 Â (length/2). Relative tumor volumes were normalized to their initial sizes. At 21 days post-treatment, these mice were sacrificed and tumors were excised for weightings.
Statistical analysis
Data were analyzed using the F test with subsequent t tests (equal variance) for the comparison between two different groups. For three or more groups, ANOVA test was used followed by a Least Significant Differences method. GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA) was used to obtain graphs and statistics. Significant values were designated as follows: Ã p < 0.05 and ÃÃ p < 0.01. All data were shown as the mean ± standard deviation (SD).
Results and discussion
Preparation and characterization of Bio-PA NPs
Bio-PA NPs were prepared by the dialysis method according to our previous study. 22, 23 TEM shows that both Bio-PA NPs and EPI-loaded NPs fabricated by dialysis method are spherical in shape (Figure 1 ). However, the mean diameter of the particle was increased from (130.9 ± 10.36) nm (Bio-PA NPs) to (169.6 ± 7.94) nm (EPI-loaded NPs) with the polydipersity index lower than 0.5, suggesting mono-dispersion, determined by dynamic light scattering. In addition, the zeta potentials were À (28.8 ± 2.02) mv and À (15.2 ± 2.76) mv, respectively. The EPI-loading content and encapsulation efficiency in Bio-PA NPs were 0.73 ± 0.038 mmol/100 mg and 79.8% ± 3.0%, respectively.
The cumulative release profile of EPI from Bio-PA NPs is presented in Figure 2 . Clearly, EPI exhibited a rapid initial drug release during the first 12 h, and then followed by a significant sustained release from these NPs. A sustained drug release pattern was observed, and the amount of EPI released from the NPs was higher than Bio-PA NPs mixed with 3D hydrogel. For example, EPI release amount was only 24.1% from Bio-PA NPs over the 12 h period, but reached up to 51.6% from the Bio-PA NPs mixed with 3D hydrogel. As expected, the Bio-PA NPs mixed with 3D hydrogel caused an impressive decrease in release rate and released amount. This result was due to the fact that hydrogel decreases the drug diffusion rate. 24, 25 Cell growth curve and cellular morphology It can be seen from the cell growth curve (Figure 3) , The lag phase of HepG2 cell growth curve in 3D culture system was longer than that in the 2D culture medium. Since the survival advantages of HepG2 cells studies have been reported, it has been shown that more cells in the 3D accumulated in the G1 phase of the cell cycle as compared to the 2D cells. 26, 27 The adherent HepG2 cells in 2D culture environment were polygonal-shaped on planar rigid surface (Figure 4(a) ), and in 3D growing into the sphericals and gathered to form homogenous multicellular spheroids (Figure 4(b,c) ). We found that cells in 3D culture environment showed higher formation rate of spheroids. The HepG2 cells grew in a 3D manner within the hydrogel, which lead to forming an aggregated cell mass with many cells layers along with the prolongation of the culture time. Cultures of cells aggregated into spheroids have been shown to successfully mimic solid tumor heterogeneity. 3D cell culture is providing a suitable microenvironment for individual cells to maintain their normal 3D shape, structure, optimal cells growth, differentiation and function, and the ability to create tissue-like constructs. 3D cells culture method is a powerful technique to study in vivo, cell-cell interactions and cell-extracellular matrix (ECM) interactions, and are usually used for anticancer drug screening. 28 Because they mimic the pathophysiological conditions of solid tumors, such as the specific hypoxic areas in the center and proliferation gradients more properly. 29, 30 Several approaches reported that cells were tend to aggregated into spheroids in 3D system. One of the main reasons is adhesive forces between the cells were stronger than adhesive forces between the cells and the surface. 31, 32 Hydrogels are ideal materials for 3D tissue platforms as their easily controlled density and flexibility facilitate the mimicking of ECMs, Which encouraging cells to form complex interactions with adjacent cells and receive and transmit signals. For this reason, homogenous multicellular spheroids of HepG2 cells were generated by using 3D hydrogels. 33 We further observed the cytoskeleton of HepG2 cell in 3D cell culture system and 2D cell culture. As shown in Figure 5 , we found that the cytoplasmic actin microfilamentrates of HepG2 cells in 3D hydrogels rearranged and displayed structural similarity to in vivo tumor tissue. We think that the 3D cell culture hydrogel can fix cells and reduce the loss of cells, moreover, it provides a microenvironment which similar to the extracellular matrix in vivo. 34 The external stimuli such as tissue-specific effects or certain physical forces have a profound impact on cellular performance, cell shape and cytoskeletal architecture. HepG2 cells in 3D were tend to aggregated into multicellular spheroids. And the cell parameters including cell morphology, physical forces between cell membranes, the actin cytoskeleton, the nuclear are all different from 2D. The tighter cell arrangement and more volumetric 3D aggregates of cells characteristic of 3D models are examples of features that promote aggregating into multicellular spheroids, leading to similar to tumor tissue in vivo. 30 
In vitro cell cytotoxicity study
The viabilities of the HepG2 cells grown on a 2D plastic surface and a 3D system have been evaluated using the CCK8 assay. From the result data ( Figure 6 ), it could be seen that blank Bio-PA NPs had no significant influence on the proliferation of HepG2 cells which were cultured by 2D or 3D cell culture method in NPs concentration range of 0-500 mg/ml at 24 and 48 h incubation, thus it could be deduced that blank Bio-PA NPs had no toxic properties for the cells in the concentration range used.
Next, we further measured the cytotoxicity of EPI and EPIloaded NPs on HepG2 cells, along with 2D and 3D system were evaluated. As shown in Figure 6 , comparing the results of treated groups, cells in 2D and 3D culture exhibited a dose-dependent decline in viability. These results indicate that EPI and EPI-loaded NPs have growth-inhibitory effect on HepG2 cells monolayer while being decline drug sensitivity to HepG2 cells in 3D.
The in vitro therapeutic effects of a dosage form can be quantitatively evaluated by its IC 50 , which is defined as the drug concentration at which 50% of the cells in culture have been killed in a designated time period. Table 1 gives the IC 50 value of HepG2 cells in 2D and 3D culture after 24, 48 and 72 h incubation with EPI formulated in Bio-PA NPs at various drug concentrations, respectively. It can be found from Table 1 that the IC 50 value for HepG2 cells was increased from 12.63, 7.34 and 4.02 lg/ml for EPI in 2D to 63.34, 23.21 and 6.89 lg/ml for EPI in 3D. Similarly, IC 50 value was increased from 2.42, 1.35 and 0.84 lg/ml to 12.27, 3.52 and 2.42 lg/ml for Bio-PA NPs after 24, 48 and 72 h incubation, respectively. Overall, the results indicated that all the cells exhibited higher viabilities after doxorubicin treatments in 3 D culture system compared to the 2D system. 3D cultures have been used previously to evaluate drug resistance and sensitivity and typically show more resistance to chemotherapy when compared with 2D monolayer cultures. 35, 36 The HepG2 cells in 3D incubated with Bio-PA/EPI NPs were induced to adapted the hypoxic and innutritious environment in the hydrogel compared with cells in 2D, which might be one of the reason of drug resistance. Furthermore, 3D cultured spheroidal cell may acts as a barrier for nanoparticle penetration. 37, 38 Cells in 3D culture may showed more closely mimic in vivo tumor behavior, and a number of 3D culture systems have been reported that more accurately predict the cellular response compared to 2D culture. 39 Thus, 3D culture model is necessary to more accurate clinical drug screening.
Establishment of the subcutaneous tumor model
We established the subcutaneous tumor model in nude mice through two cell culture methods. HeG2 cells in 2D and in 3D were respectively subcutaneously injected into nude mice to model the mice bearing hepatic tumor. The tumor formation rate injected with cells in 3D was 98.2%, which was significantly higher than that of 2D cultured cells (76.4%), and the time of tumor formation (tumor volume to 200 mm 3 ) was significantly shortened (Figure 7(a) ). Tumor formation and development are dynamic processes where cancer cells differentiate, proliferate and migrate interacting among each other and with the surrounding 3D environment in vivo. 40 Cancer cells in 3D culture system closely mimic pathologic events of tumors formation were reported. 34, 41, 42 HeG2 cells in 3D more easily self-assemble into spheroids, and then spheroids reproduce morphology and biologic properties of tumors tissue. In addition, for body weight and daily food intake of nude mice, there were also no significant differences between the 2D and 3D group (Figure 7(b) ). At 21 day postinjection, all animals were sacrificed and tumors were excised for weightings and histological analysis. Figure 8 shows microscopic examination of the representative histopathological of tumor tissue sections stained with haemotoxylin and eosin (H&E). No significant differences were observed between the 3D group and 2D group in histological analysis. The results indicated that the tumor tissue in vivo have no differences between 3D culture and 2D culture. Due to high tumor formation rate and tumor volume, the subcutaneous tumor model in nude mice with 3D cell culture appears to be an effective and simple method. And it could be used as the following in vivo antitumor efficacy research.
In vivo anti-tumor efficacy
We further evaluated the in vivo antitumor activity of Bio-PA/ EPI NPs using free EPI as the controls. The mice were injected with free EPI and NPs at EPI doses of 3.0 mg/kg every 3 days for consecutive five times. After the injection, the tumor volume changes were detected every three days. Obviously, Bio-PA/EPI NPs significantly inhibited the tumor growth even at a low EPI dose of 3.0 mg/kg and the average tumor weight was markedly lower than those of the control group and the treatment groups of free EPI (Figure 8 ). We believed that the effective activity of EPI-loaded NPs on the tumor growth was due to their long circulation and in vivo tumor-targeted delivery for EPI. These results are in accordance with the results of in vivo anti-tumor efficacy with 2 D cell subcutaneous tumor model. 22 
Conclusion
In summary, we report the ability to culture HepG2 cells in 3D and evaluation anti-tumor efficacy of Bio-PA/EPI NPs with the 3D cultured cells in vitro and in vivo. The HepG2 cells grew in a 3D manner within the hydrogel, which lead to forming homogenous multicellular spheroids along with the prolongation of the culture time. Bio-PA/EPI NPs have growth-inhibitory effect on HepG2 cells monolayer while being decline drug sensitivity to HepG2 cells in 3D. The HepG2 cells grew in a 3D manner within the hydrogel, which lead to forming homogenous multicellular spheroids along with the prolongation of the culture time. In 3D HepG2 cell tumor-bearing nude mice, Bio-PA/EPI NPs could inhibited the tumor growth at low EPI dose. The 3D hydrogels culture model has the potential to improve cell culture strategies and be used for establishment the subcutaneous tumor model in nude mice. So, the data presented in this study can therefore be of great value in the evaluation of targeted anticancer drug NPs.
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